Scour is a natural phenomenon in rivers caused by the erosive action of the flowing water on the bed and banks. Spur dikes are constructed across the flow to protect the bank erosion and facilitate the shifting of the river away from the bank. The spur dike undermines due to river-bed erosion and scouring, which is generally recognized as the main cause of spur dike failure. In this study, accuracy of existing equations for the computation of maximum scour depth has been checked with available data in the literature and data collected in the present study using graphical and statistical performance indices. Three new relationships are also proposed to estimate the maximum scour depth and maximum scour length upstream and downstream of spur dike. This new relationship for maximum scour depth is shown to perform better than other existing equations.
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INTRODUCTION
Spur dike is a man-made hydraulic structure used to divert or deflect the main water flow. Generally, spur dikes are fixed either perpendicular or at an angle to the flow direction in the channels. Scour is a main cause of failure of spur dikes and other hydraulic structures. Scour process involves the complexities of both the three-dimensional flow behaviour and the sediment transport. The general scour mechanism at spur dike is well understood after several studies, in which the horse shoe vortices and the wake vortices induced by the presence of the spur dike are responsible for the scour around the structure. The scour around abutments has been studied in greater detail than near spur dikes. In the past studies, it has been shown that the scour mechanism at spur dike is very similar to the scour mechanism at the abutment, in which spur dikes can be viewed as very thin rectangular vertical wall abutments (Melville, 1992) . Therefore any reference made to abutments scour hereafter, also holds good for scour near spur dikes (Kothyari and Ranga Raju, 2001 ). The downstream flow and the principal vortex at the upstream corner of the spur dike, together with the wake vortices and secondary vortices at the middle part and the downstream corner of the spur dike, cause complex interactions between the bed materials and the fluid and are mainly responsible for the scour at spur dike. In addition to the vortex systems, other mechanisms may exist to cause local scour. In Fig. 1 , the diverted down flow and the vortex system near an abutment and vertical wall spur dike are illustrated as per Kwan (1984) . The estimation of the maximum depth of scour near spur dike is required for the safe and economical design of the spur dike. Depending on whether the approach flow carries sediment laden or clear water, scour around spur dikes is classified as: clear-water scour and live-bed scour. Clear-water scour occurs in the absence of sediment transport by approaching flow into the scour hole and live-bed scour develops when the scour hole is continuously fed D r a f t with bed materials by the approaching flow. Nasrollahi et al. (2008) stated that scour depth increases with increase in the flow velocity and the maximum scour depth occurs at the initiation of sediment motion for clear water conditions. Various expressions and ideas have been derived by researchers to estimating the maximum scour depth around spur dikes for clear water condition.
The scour phenomenon near bridge abutments and spur dikes are considered the same (Melville, 1992) . Therefore any reference made to abutment scour hereafter, also holds good for scour around spur dikes (Kothyari and Ranga Raju, 2001) . Considerable similarities also exist between the flow patterns and scour processes at bridge abutments and spur dikes (Kothyary and Ranga Raju, 2001 ). The upstream face of the vertical wall abutment and spur dike also similar so we can say that developed equilibrium scour considerable similar for spur dike (perpendicular) as well as for vertical wall abutment. Large amount of abutment and spur dike scour literature represents, maximum scour always occurs at the upstream face of the vertical wall abutment and spur dike. Present study conducted for un-submerged spur dike and there is no need for submergence ratio.
Blockage ratio for spur dike and vertical wall abutment is ,
Most of the previous studies on scour near spur dikes are concerned with prediction of maximum scour depth (Ahmad, 1953; Garde, 1961; Gill, 1972; Rajratnam and Nwachukwu, 1983; Froehlich, 1989; Melville, 1992&1997; Nagy. 2004; and Dey and Barbhuiya, 2005 ). An integrated approach for determination of design equilibrium scour depth near abutments and spur dikes is presented by Dey and Barbhuiya (2005) .
In this study, accuracy of existing equations (Frochlich, 1989; Lim, 1994; Husain et al., 1998; Nagy, 2004; and Dey and Barbhuiya, 2005; ) is checked by present and previous experimental & field data sets using graphical and statistical performances. A relationship for estimation of maximum scour depth near a spur dike is developed using the data of this study along with data available in the literature. 
Existing Equations of Scour Depth
Numerous studies have been conducted on scour near a spur dike to predict the maximum scour depth. Most of these equations were based on laboratory experiments and field data. The scour depth depends upon various parameters such as: F r , F e , d 50 , σ, y, l, V, V c , S, θ and B; where F r is Froude number based on approach velocity, F e is excess spur dike/abutment Froude number, d 50 is median diameter of sediment, σ is standard deviation (d 84 /d 16 ) 0.5 , y is approach flow depth, l is transverse length of spur dike, V is average velocity of approach flow, V c is critical velocity of approach flow, S is relative density, θ represents the angle of spur dike in the direction of flow and B is the channel width. To compute the scour depth at equilibrium stage near a spur dike for different flow parameters and different river beds. Previous researchers viz; Dey and Barbhuiya (2005) , Nagy (2004 ), Lim (1994 , Froehlich (1989) and Husain et al (1998) have proposed different equations for non-cohesive sediments and these equations are given below: D r a f t Froehlich (1989) Husain et al. (1998) concluded that scour depth is significantly affected by dimension of abutment as well by encroachment width-depth ratio.
In this equation K, A 1 , A 2 , A 3 , A 4 and A 5 are constants. The value of K and A 1 through A 5 are 4.5, 1.0, 0.653, 0.225, 0.598 and 1.80 for uniformity of sediment sizes. b is encroached width which is equal to l for vertical wall rectangular abutment. Safe factor, S f is 2.2, 1.0 and 1.77 for rectangular, circular-edge and trapezoidal abutments, respectively. Nagy (2004) proposed an equation for computing maximum scour depth around bridge abutment using 193 experimental data sets. The spur dike length ratio (l/y) had significant effect compared to intrusion ratio (l/B). 
D r a f t Dey and Barbhuiya (2005) proposed equations to predicting scour depth for different shapes of abutments as given in Eqs. 5 (a-c). Dey and Barbhuiya (2005) used both uniform and nonuniform sediment for their study. They used vertical wall abutments, 45˚ wing-wall abutments and semicircular abutments. They conducted 99 number of experiments for each case of abutment for uniform sediment and 27 number of experiments for each case of abutment for nonuniform sediment. For equilibrium scour condition Dey and Barbhuiya (2005) and ξ is shape coefficient equal to 0.5 for vertical wall abutments and spur dikes. The scour near an abutment takes place, when (V-ξ V c ) i.e. V e is greater than zero.
Data Description
Both laboratory experimental data and field data for clear water scour near a spur dike and abutment were collected from several studies available in literature for use in the present study. There were 162 laboratory experimental data and 6 field data taken by several previous studies.
In addition, 15 experimental data were collected in the present study. These 183 data sets were used for checking the accuracy of existing equations in the present. Flow and sediment property of experimental and field data are shown in Table 1 . Lim (1997) conducted laboratory experiments on a 0.25 m thick sand bed having 0.94 mm median diameter and standard deviation as 1.25. Five abutment models (50 mm, 75 mm, 100 mm, 125 mm and 150 mm) were used by Lim for his study. All the tests were conducted for clear water condition. Lim (1997) conducted 11 numbers of experiments for development of the maximum scour depth monitored until an equilibrium condition of scour was reached, and time required to reach this condition was about 3 to 8 days. Lim analyzed this data from one of the best scour abutments data which was provided by The University of Auckland. Most of the Auckland University experiments were conducted for long time up-to 10 days or more. (2001), as given in Eq. 6. Dey and Barbhuiya (2005) carried out experiments in a flume of 20 m long 0.9 m wide and 0.7 m deep over sand and gravel beds. They conducted experiments for both uniform and non-uniform sediment. In this study, uniformity of sediment was defined by Dey et al. 1995 , D r a f t which is less than 1.4 for uniform sediments. They also used Shields method for computing critical shear velocity and critical velocity calculated by equation of Lauchlan and Melville (2001) . In conducted experiments by them for clear water scour condition, the equilibrium condition was reached within 48-50 hours. They introduced a term excess abutment/spur dike Froude number. Nasrollahi et al. (2008) conducted their experiments in a 12 m long, 2 m wide and 0.6 m deep horizontal flume over 0.45 m thick non-cohesive uniform sediment bed having 1.3 mm median diameter and standard deviation as 1.3. Both types of spur dikes, permeable and impermeable were having transverse length as 0.25, 0.375, 0.5, 0.625 and 0.75 m, were used. A constant discharge of 0.08 m 3 /s was used. Equilibrium condition of scour was reached within 24 hours for impermeable spur dikes and 12 hours for permeable spur dikes. Coleman et al. (2003) conducted experiments in number of different flumes at The University of Auckland. Uniform sediments were used in each flume having 0.8 mm to 1.02 mm as median diameter. Relative flow velocities (V/V c ) were varied from 0.46 -0.99 and ratio of y/l was varied from 0.17 -4.0. Scoured bed level and scour depth were measured by using an Ultrasonic Depth-Sounder with accuracy of ±0.4 mm. They also used 6 field experimental data for their research work. Some additional data were used in that research which were measured at The University of Auckland by Tey (1984) , Kwan (1984) and Dongol (1994) . These three researchers study measured the development of local scour near abutment for flows approaching threshold conditions (V/V c = 0.87 -0.99). Tey (1984) and Kwan (1984) used short abutments, while Dongol (1994) used both short and long abutments. Short and long abutments are defined by ratio of y/l. Short abutments were observed to have y/l > 1 while long abutments were observed to have y/l ≤ 1. Table 2 . Discharge was measured by using sharp crested weir which was located at the end section of the flume. Present study were conducted for 18 hours. But for all runs, it was observed that equilibrium scour reach within 10 hours. After equilibrium condition i.e. 10 hour for present study, scour depth remain same at 11-18 hour (every 30 minute interval). After equilibrium scour condition, scour depths were measured by point gauge with ± 0. 1 cm accuracy. Before the start of each experimental run the spur dike was fixed at left side of flume wall and perpendicular across the water flow. Working section of flume was made perfectly level with respect to the longitudinal slope of flume and then covered with 3 mm Perspex sheet. Then the predetermine flow condition was established D r a f t using the inlet valve and the tail gate, the Perspex sheet was removed very carefully so that no scour developed near the spur dike due to this. Essentially these experimental runs were carried out to check other's experimental data, and hence, 15 runs were conducted. Experimental data have been shown in Table 3 Where y is approach flow depth, k s is equivalent roughness height which is equal to 2d 50 . V *c was calculated by Shields method. 
EXPERIMENTAL WORK
RESULTS AND ANALYSIS 4.1 Accuracy of Existing Equations for Scour Depth
Various expressions have been proposed by previous investigators (Garde, 1961; Gill, 1972; Frochlich, 1989; Lim, 1994 Lim, & 1997 Melville, 1992 Melville, & 1997 Husain et al., 1998; Nagy, 2004; and Dey and Barbhuiya, 2005) for estimating the maximum scour depth near spur dikes. However, equations proposed by (Frochlich, 1989; Lim, 1994; Husain et al., 1998; Nagy, 2004; and Dey and Barbhuiya, 2005) are commonly being used there for in this present study. It is indented to check the accuracy of these equations using collected data in the present study and those data available in the literature and accuracy of these equations was checked by minimum percentage of error i.e. ±25% and statistical performances. Fig. 3 (a-e) shows the percentage mean error between observed and computed scour depths. Fig. 3 (a) shows the agreement between observed and computed data by the expression of Froehlich (1989) , around 53% of the data sets were found to be within the ±25% error line while for Nagy (2004) it was 41% only. Nagy (2004) neglects the effect of shape factor. Neglecting the effect of shape factor, affects the accuracy of results, especially for the data of Coleman et al. (2004) , which have large size of spur dikes. In Fig. 3 (c) , the data plot shows that the equation of Husain et al. (1998) gives underestimated values for all points except of their data located within the ±25% error lines, very less data points are located within ±25% error line. In fact, only their data points fit their expression because they conducted experiments for rectangular, trapezoidal and circular edge models for a very short time period, as shown in Fig. 3 (c) . Even Husain et al. (1998) added several coefficients to represent many variables in their integrated expression. In Fig. 3 (e) the data plot shows that the equation of Dey and Barbhuiya (2005) gave 80% data points within ±25% error line while Lim (1994) gave 57% of the data points. Dey and Barbhuiya (2005) introduced a term excess abutment Froude number for vertical, 45° wing wall and semicircular abutments but Lim (1994) used densimetric Froude number. Densimetric Froude number, effects on the accuracy of results, especially for the data of Dey and Barbhuiya (2005) .It is concluded herein from the above graphical discussion that the results obtained from Dey and Barbhuiya (2005) in Fig. 3 (e) shows better agreements. Equation of Dey and Barbhuiya (2005) i.e. Eq. (5), D r a f t has a wide range of application since it has several effective parameters. The scatter of some data points may refer to the variation of experimental time for each researcher. For computing maximum scour depth near abutment, equation proposed by. Dey and Barbhuiya (2005) is more accurate as compared to the others but Dey and Barbhuya (2005) used only their experimental data for predicting the scour depth near abutments, so there were number of outliers from the ±25% error line. In previous studies, it is stated that the values of Froude number/excess Froude number/densimetric Froude number have significant effect. The other parameters i.e. flow depth -spur dike length ratio and spur dike length -sediment ratio have been shown to be secondary importance. Fig. 3 (a) . Comparison between computed and observed dimensionless scour depths using Frochlich (1989) with observed values.
Fig. 3 (b).
Comparison between computed and observed dimensionless scour depths using Lim (1994) with observed values.
Fig. 3 (c).
Comparison between computed and observed dimensionless scour depths using Husain et al. (1998) with observed values.
Fig. 3 (d).
Comparison between computed and observed dimensionless scour depths using Nagy (2004) with observed values.
Fig. 3 (e).
Comparison between computed and observed dimensionless scour depths using Dey and Barbhuiya (2005) between observed and computed scour depth.
A New Relationship for Scour Depth and maximum Scour Length
Analytical and experimental analyses are described to predict the maximum scour depth near spur dike at equilibrium stage. Dey and Barbhuiya (2005) have proposed a good relationship for scour depth but they used only their data for deriving relationship. This equation need to be analysed with data from other investigators for wider applicability. Relationship proposed by Dey and Barbhuiya (2005) represents only 80% data within 25% error line when data from other publications were used. Therefore, it can be said that relationship proposed by Dey and Barbhuiya (2005) needs some modification to increase its accuracy. For estimating a new scour depth relationship, a regression analysis was done including more data from previous publications. Eq. (7) was derived for calculating the maximum scour depth near spur dike. The results of regression analysis presented a mounting evidence that the excess abutment Froude number, F e , has significant effect rather than the abutment Froude number, F z . The Eq. (7) gives the best result for predicting the maximum scour depth near a spur dike. Fig. 4 shows the line of perfect agreement between observed and computed maximum scour depth for the 183 datasets which were used in predicting the formula. Almost 90% of the data points are within ±25% error lines, as shown in Fig. 5 
Statistical Performance of Equations
The accuracy of selected relationships was also checked by using the statistical performance indices. These statistical parameters were used to measure the extent of the agreement between the observed and predicted maximum scour depths. If Y is the observed value and Y' is the corresponding predicted value, the different performance indices may be defined (Maier and Dandy, 1996; Rajurkar et al., 2004; and Riahi-Madvar et al. 2009 ): Coefficient of correlation, 
Mean absolute percentage error,
In Eqs. (8) (9) (10) (11) (12) , N is the number of datasets (N = 183 for present study). The values of coefficient of correlation (CC), mean absolute error (MAE), mean squared error (MSE), mean root square error (MRSE) and mean absolute percentage error (MAPE) are listed in Table 4 . The CC of present relationship i.e. Eq. 7, is highest than among all relationships, and MAE, MSE, MRSE and MAPE are lowest. Statistical performances indicate that the relationship proposed by Dey and Barbhuiya (2005) is better than other previous relationships. However, it was observed that the present relationship gives far better results than among all, as follows Fig. 4 , Fig. 5 and Table  4 .
Location of Maximum Scour Depth and Its Pattern
Maximum scour depth is an important factor for dimensionless analysis and predicting the maximum scour depth relationships. Maximum scour depths typically occurs at the junction between the spur dike wall and channel. It was observed that the maximum scour depth occurs upstream, nose of spur dike due to high bed shear stress, similar as Garde (1961), Melville (1992) and Vaghegi et al. (2009) . Depth of scour is relatively more just upstream side of spur dike as compared to the downstream side. Scour hole was spread up to a width of 3l from the wall junction of the channel and depends on transverse length and flow velocity. Zone of influence of spur dike i.e. extend of scour hole is lesser above the upstream side as compared to the downstream side. However the volume of scour hole is much greater (up to 65% of total volume) on the upstream side as compared to that on the downstream side. Small dunes having maximum height not greater than 50% of maximum scour depth were observed by on the downstream side of spur dike. Scour depth contours and 3D view of scour-hole shows the location of maximum scour depth and scour depth variation, as follows in Fig. 6 . 3D view of scour hole at equilibrium stage shows scour depth variation with deferent colors, such as green for maximum scour region and blue for deposited sediment. 
CONCLUSIONS
Maximum scour depth equations proposed by five researchers (Dey and Barbhuiya, 2005; Nagy, 2004; Froehlich, 1989; and Lim, 1994) were used for checking the accuracy of scour depth at equilibrium stage, graphically and statistically, as follows in Fig. 3 (a-e) and Table 4 . It was observed experimentally that the values of the spur dike's Froude number have significant effect on the equilibrium scour depth. The other parameters have got secondary importance on the equilibrium scour depth. A new relationship is proposed for estimating maximum scour depth, as follows, Eq. (7) and this relationship predicts the maximum scour depth at equilibrium stage with reasonable accuracy. This relationship was checked graphically and statistically, and the resulting values for the derived relationship gave much better agreement with observed data than other previous relationships, as follows in Fig. 4 , Fig. 5 and Table 4 . For location of maximum scour depth, the aforementioned diagram i.e. Fig. 6 clearly states that a spur dike can produce significant changes in the distribution of scour depths at equilibrium stage. It was observed that the maximum scour depth always occurs at upstream side, nose of spur dike and erosive sediment deposited at downstream side. The following conclusions were obtained: 1) It was observed that the relationship proposed by Dey and Barbhuiya (2005) gives better agreements with observed data than other previous relationships.
2) The present relationship performs much better in prediction of maximum scour depth.
3) It was observed that the maximum scour depth occurs at upstream side, near nose of spur dike and erosive sediment was deposited at downstream side. Fig. 3 (a) . Comparison between computed and observed dimensionless scour depths using Frochlich (1989) with observed values. Fig. 3 (b) . Comparison between computed and observed dimensionless scour depths using Lim (1994) with observed values. Fig. 3 (c) . Comparison between computed and observed dimensionless scour depths using Husain et al. (1998) with observed values.
Fig.3 (d).
Fig. 3 (e).
Comparison between computed and observed dimensionless scour depths using Dey and Barbhuiya (2005) between observed and computed scour depth. Fig. 3 (a) . Comparison between computed and observed dimensionless scour depths using Frochlich (1989) with observed values. Computed dimensionless scour depth Observed dimensionless scour depth Husain et al. (1998) Fig. 3 (c) . Comparison between computed and observed dimensionless scour depths using Husain et al. (1998) with observed values. Computed dimensionless scour depth Observed dimensionless scour depth Dey and Barbhuiya (2005) Fig. 3 (e) . Comparison between computed and observed dimensionless scour depths using Dey and Barbhuiya (2005) between observed and computed scour depth. 
